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the diseased animal creates an Niil site in the control sequence
(Figure 7), and therefore digestion with this enzyme distinguishes
between them, producing a 428 bp fragment from the control
(lane 1 in Figure 7) and a 492 bp fragment from the sheep with
ceroid lipofuscinosis (lane 16 in Figure 7). Some animals known
to have ceroid lipofuscinosis were found that were homozygous
for both of the two previously determined pseudogene sequences,
and others were heterozygous for these genes. Therefore there is
no linkage between the expressed P2 pseudogene and the gene
causing ovine ceroid lipofuscinosis.

Possible causes of ceroid lipofuscinosis

After these investigations, the most plausible hypothesis for the
basis of the ceroid lipofuscinosis is that the disease arises from a
lesion in the degradative pathway of subunit c. It is thought that
lysosomes digest mitochondria by a process of autophagocytosis
(Pfeifer, 1987), but turnover rates of proteins of the mitochondrial
inner membrane differ widely (Hare and Hodges, 1982), implying
that selective turnover mechanisms may operate within the
mitochondrion. However, the turnover rate of subunit ¢ has not
been measured, and it is not known whether mitochondrial
proteases are involved in its degradation, nor if its degradation
takes place in lysosomes.

In seeking the basis of ceroid lipofuscinosis, the distinctive
properties of the ¢ subunit of ATP synthase should also be borne
in mind. First, ATP synthase is an abundant component of
mitochondrial membranes, and probably has 10-12 copies of the
¢ subunit per enzyme complex. Therefore, on a molar basis, the
c subunit is one of the most abundant proteins in the inner
membrane. It is also one of the most hydrophobic proteins that
has been studied, and it falls into the category of proteolipid (a
protein with the solubility properties of a lipid), being readily
soluble in chloroform/methanol mixtures and insoluble in
aqueous solutions. Therefore any mechanism for degrading the
subunit would have to be able to cope with these physicochemical
properties. However, subunit ¢ is by no means the only proteo-
lipid in mitochondrial inner membranes, and at least 15 different
proteins have been found in chloroform/methanol extracts of
mitochondria (Fearnley and Walker, 1986, 1987). None of these
other mitochondrial proteolipids are found in the storage bodies
associated with ceroid lipofuscinosis. This observation may
indicate that specific factors operate in the degradation and
turnover of the ¢ subunit.
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Evolution of the expressed P2 pseudogene and the origin of the P1 and P2 genes

Simon M. MEDD and John E. WALKER

The approximate elapsed time (7;) since the divergence of two
related sequences was calculated according to Miyata and
Yasunaga (1981). The sequence difference (K) is defined as the
number of mismatches per nucleotide site of two aligned
sequences. It is assumed that nucleotide substitution follows a
Poisson distribution, that it is equiprobable for all four nucleo-
tides, and that multiple and back mutations may take place at
each site. The rate of substitution (v) per nucleotide site per year
is given by:

20T, = —3In[1 —4K], where K < 3.

Estimation of the ages of the pseudogenes

From fossil evidence it is thought that humans diverged from
cattle and sheep approx. 68 million years ago, and that sheep and
cattle diverged from each other approx. 50 million years later
(Romero-Herrera et al., 1978). Using these T, values, and the
cDNA sequence differences between humans and cattle, humans
and sheep, and cattle and sheep for both P1 and P2 cDNAs
(Table Al) evolutionary rates (v) for the P1 and P2 precursors
were calculated (Table A2). These calculations showed that the
rate of fixation of mutations in both P1 and P2 is slower between
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Table A1 Comparison of nucleotide sequences of human, bovine and ovine P1 and P2 cDNAs

H, B and O refer to human, bovine and ovine sequences respectively. K[H-B] etc. are the sequence differences between corresponding sequences in the two specified species. The entire cDNA
is the region over which the two sequences can be aligned. The pre-sequences encode the mitochondrial import pre-sequences present in P1 and P2, and the mature region codes for the mature

subunit ¢ of ATP synthase. The untranslated region is the sum of the 5" and 3’ untranslated regions in the cDNAs.

P1 P2
Region K[H-B] K[H-0] K(B-0] K[H-B] K[H-0] K[B-0]
Entire cDNA 0121 0.109 0.016 0.136 0.130 0.020
Pre-sequence 0.137 0.143 0.016 0.228 0.223 0.029
Mature 0.044 0.044 0.004 0.052 0.052 0.000
Untranslated 0.217 0.235 0.047 0.178 0.164 0.035

Table A2 Evolutionary rates for P1 and P2 precursors derived from the sequence differences between human, bovine and ovine cDNA sequences

The evolutionary rate per nucleotide site per year (v) has been multiplied by 10° to give the values shown. Evolutionary rates between humans and cattle (v[H—B]) and between humans and sheep
(v[H—0]) were calculated assuming that humans diverged from sheep and cattle approx. 68 million years ago, and evolutionary rates between cattle and sheep (v[B—0]) assume that they diverged

18 million years ago. See Table A1 for definitions of regions.

P1 P2
Region v[H-B] v[H-0] v[B-0] v[H-B] v[H-0] v[B-0]
Entire cDNA 0.97 0.86 0.44 1.1 1.04 0.55
Pre-sequence 11 1.16 0.44 1.99 1.94 0.83
Mature 0.33 0.33 0.11 0.37 0.37 0.00
Untranslated 1.88 2.07 133 1.49 1.36 1.00

Table A3 Comparison of the nucleotide sequences of the P1 and P2 cDNAs
in man, cattle and sheep with the cDNA sequences of the ovine and human
P2 pseudogenes

The notations are explained in the legend to Table A2; [O¢] and [H¢] refer to the ovine and
human pseudogenes.

P1-P2 P2—P2
Region K[H] K[B] K[0] K[0g] K[H¢]
Entire cDNA 0.445 0.402 0.419 0.009 0.101
Pre-sequence 0.640 0.581 0.605 0.015 0.085
Mature 0.093 0.119 0.119 0.004 0.066
Untranslated 0.740 0.621 0.708 0.005 0.105

sheep and cattle than it is between humans and either sheep or
cattle. It has been observed previously that the rate of fixation of
mutations in the myoglobin molecule fluctuates along different
lines of descent (Romero-Herrera et al., 1978). Furthermore, the
rate of fixation of mutations between sheep and cows for the entire
P2 cDNA is greater than that for the P1 cDNA. Therefore it
seemed prudent to use the evolutionary rate of P2 between sheep
and cows (0.55 x 107° per nucleotide site per year; see Table A2)
to calculate the age of the P2-related pseudogene in sheep, using
the sequence difference between the ovine P2 cDNA and the
ovine P2-related pseudogene from sheep with ceroid lipo-
fuscinosis. This gave an age for the pseudogene of approx. 8
million years.

However, the evolutionary rate used in this calculation was
derived from the sequence difference between the entire cDNA
sequences of the functional P2 precursors. These sequences are

largely protein coding, and therefore the rates of fixation of
mutations are taken from DNA sequences that are subject to
evolutionary constraint. If the expressed pseudogene were non-
functional, then its DNA sequence would not be subject to such
constraints, and consequently its rate of evolution could be
significantly higher. So, if the pseudogene were non-functional
for all or most of the time since it arose, it may be considerably
younger than 8 million years old. Comparison of this figure with
the estimated date of divergence of sheep and cattle, around 18
million years ago, leads to the conclusion that the sheep
pseudogene probably arose after the divergence of sheep from
cattle.

The sequence of a human P2 pseudogene has been described
(Dyer and Walker, 1993), although there is no evidence that it
is expressed. Like the sheep pseudogene, it codes for residues
1-31 of the import precursor of P2, a stop codon being present
in the pseudogene because of a C to T mutation in the codon for
Arg-32 in the expressed gene. From an average evolutionary rate
of 1.08 x 10~® per nucleotide per year for the entire P2 cDNA
between humans and cattle, and humans and sheep, it was
estimated that this human P2 pseudogene arose 47 million years
ago. Again, the value of the evolutionary rate used in the
calculation assumes that the DNA sequence is coding and is
subject to evolutionary constraint. Therefore a second estimate
was made using an average evolutionary rate of 1.42 x 10~° per
nucleotide per year (see Table A2), derived from the non-protein-
coding regions of the human and bovine and human and ovine
P2 cDNAs. This gave an age for the pseudogene of 37 million
years. However, even the untranslated regions of a transcript are
functional, and therefore are also subject to some evolutionary
constraint. So, if the human P2-related pseudogene has been
totally redundant ever since its generation, it could be even
younger than this latter value. Both estimates suggest that the
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pseudogene arose after the divergence of sheep and cattle from
humans, about 68 million years ago. Therefore the calculations
confidently predict that the two related human and ovine P2
pseudogenes of known sequence arose independently of each
other from their respective P2 genes. It appears that the oc-
currence of a stop codon in exactly the same position in the
sequences of both the human and ovine pseudogenes is co-
incidental. Reductions in CG content in pseudogenes have been
noticed previously, and the preponderance of CA or TG di-
nucleotides suggests that the loss of CG arose by deamination of
5-methyl-C to T (Bird et al., 1987).

Evolution of the precursors for subunit ¢

Separate evolutionary rates for the pre-sequence, mature protein
and untranslated regions of the cDNAs for the subunit were also
calculated (see Table A2). As expected, the evolutionary rates of
the untranslated regions were higher than those of the entire
cDNA, presumably because these sequences are not subject to
such strict evolutionary constraints as coding regions. The pre-
sequences have evolved several times faster than the mature
protein. Import pre-sequences of nuclear-coded mitochondrial
proteins vary widely in both sequence and length, although they
usually have a net positive charge. It has been suggested that
their secondary structures, rather than their amino acid
sequences, are conserved, and are amphiphilic (von Heijne,
1986). Even the two pre-sequences of subunit ¢, which probably
target the same protein to the mitochondrial membranes and into
the same enzyme complex, differ widely in sequence, whereas the
sequence of the mature subunit ¢ is identical in man, cattle and
sheep (Gay and Walker, 1985; Dyer and Walker 1993; see the
main paper). Therefore the different rates of mutation between
the DNA sequences coding for the pre-sequences and the mature
protein of the subunit ¢ precursors probably reflect both the
strong conservation of the mature protein and the relatively
weak evolutionary constraints imposed on the pre-sequences by
mitochondrial import. .

The origin of the P1 and P2 genes

The P1 and P2 precursors for subunit ¢ are related in their amino
acid sequence (Gay and Walker, 1985) and their gene structures
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are also similar (Dyer and Walker, 1993). Therefore it is likely
that they arose from a common ancestral gene. In order to
estimate the date of divergence of the P1 and P2 genes, it was
again necessary to choose a reliable rate of evolution. Preliminary
calculations showed that the pre-sequences and untranslated
regions of the P1 and P2 cDNA pairs were highly diverged. The
sequence difference values approached § (see Table A2). Values
greater than £ are likely to be inaccurate, as they correspond to
mutation of each base on average more than once. Therefore the
considerably lower values for the mature protein were more
suitable for calculating evolutionary rates and the time since
divergence of P1 and P2 (see Table A3). Again it was observed
that the rates of mutation derived from the sequences of cattle
and sheep were different from those derived from the comparison
of the human and cow or human and sheep sequences. As the
latter rates were derived from evolution over a much longer time,
the average value, 0.35 x 10~° per nucleotide site per year, seemed
to be the most suitable for calculation of the time since divergence
of the P1 and P2 genes. In this way, three times of divergence,
141, 181 and 181 million years ago respectively, were estimated
from the sequence data of the three pairs of subunit ¢ precursor
from man, cattle and sheep. It has been estimated from fossils
that the major orders of mammals diverged about 75 million
years ago, and that mammals diverged from birds about 300
million years ago. The three dates of divergence of P1 and P2
falls between these two dates. Therefore all mammals would be
expected to have inherited both P1 and P2 genes, whereas birds
would be expected either to have only have a single gene for the
¢ subunit. Alternatively, if multiple genes for the ¢ subunit are
present in avian genomes, then they have evolved independently
of P1 and P2, and more recently than the divergence of birds and
mammals.
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